Providence virus (PrV) is a member of the family Tetraviridae, a family of small, positive-sense, ssRNA viruses that exclusively infect lepidopteran insects. PrV is the only known tetravirus that replicates in tissue culture. We have analysed the genome and characterized the viral translation products, showing that PrV has a monopartite genome encoding three ORFs: (i) p130, unique to PrV and of unknown function; (ii) p104, which contains a read-through stop signal, producing an N-terminal product of 40 kDa (p40) and (iii) the capsid protein precursor (p81). There are three 2A-like processing sequences: one at the N terminus of p130 (PrV-2A 1 ) and two more (PrV-2A 2 and PrV-2A 3 ) at the N terminus of p81. Metabolic radiolabelling identified viral translation products corresponding to all three ORFs in persistently infected cells and showed that the readthrough stop in p104 and PrV-2A 3 in p81 are functional in vivo and these results were confirmed by in vitro translation experiments. The RNA-dependent RNA polymerase domain of the PrV replicase is phylogenetically most closely related to members of the families Tombusviridae and Umbraviridae rather than to members of the family Tetraviridae. The unique genome organization, translational control systems and phylogenetic relationship with the replicases of (+ve) plant viruses lead us to propose that PrV represents a novel family of small insect RNA viruses, distinct from current members of the family Tetraviridae.
INTRODUCTION
The members of the family Tetraviridae are small, nonenveloped insect viruses that encapsidate one or two singlestranded (ss) positive-sense (+ve) genomic RNAs (Hanzlik et al., 2005) . The members of the family Tetraviridae have an unusually narrow host range often restricted to only one or a few closely related lepidopteran species (Moore et al., 1985; Gordon & Hanzlik, 1998; Christian et al., 2001; Pringle et al., 2003) . Tetraviruses replicate in the midgut tissues of their hosts (Moore et al., 1985; Bawden et al., 1999; Brooks et al., 2002) and sloughing of infected cells results in the stunting of infected larvae (Moore, 1991; Christian et al., 2001; Brooks et al., 2002) .
Tetraviral genomic RNAs are encapsidated in an icosahedral capsid of approximately 40 nm in diameter, with T54 symmetry (Olson et al., 1990) . The virus particles assemble as procapsids composed of 240 identical subunits that undergo maturation via assembly dependent autoproteolytic cleavage of the capsid protein precursor at its C terminus, leading to the production of the b and c peptides (Agrawal & Johnson, 1992; Hanzlik et al., 1995; Gordon et al., 1999) . This cleavage of the capsid protein precursor results in stabilization of the virus particle, which is proposed to be important for infectivity (Munshi et al., 1996; Helgstrand et al., 2004) .
The members of the family Tetraviridae are classified into two genera according to their genome organization. Omegatetravirus particles encapsidate two genomic RNAs (RNA1 and RNA2) encoding the viral replicase and capsid protein precursor (VCAP), respectively. Betatetraviruses 3These authors contributed equally to this paper. have a single (monopartite) genomic RNA that encodes both replicase and VCAP often on overlapping reading frames, with VCAP translated from a subgenomic (sg) RNA (Hanzlik et al., 2005) . This sgRNA may be encapsidated along with the genomic strand Pringle et al., 1999 Pringle et al., , 2003 . Omegatetraviral RNAs are capped at their 59 ends and are not polyadenylated, encoding instead a tRNA-like structure at their 39 ends Hanzlik et al., 1995 , Du Plessis et al., 2005 Yi et al., 2005) . Also betatetraviral genomic RNAs are not polyadenylated at their 39 ends, nor are they blocked at the 59 end (King & Moore, 1984; Gordon et al., 1999; Pringle et al., 2003) . The tRNA-like structure has thus far only been identified at the 39 end of the type species of this genus, Nudaurelia capensis b virus (NbV). Putative pseudoknots are present at the 39 ends of Thosea asigna virus (TaV) and Euprosterna elaeasa virus (EeV) Zeddam et al., 2010) .
Research on the members of the family Tetraviridae has focused on the molecular characterization of their genomes and fundamental studies on capsid structure and assembly. In contrast, little is known about the biology of this family because of their narrow host range and the lack of tissue culture cell lines that support tetravirus replication (Moore, 1991; Bawden et al., 1999) . Providence virus (PrV), which was isolated from a persistently infected Helicoverpa zea midgut cell line (MG8), is the only tetravirus known to replicate in cell culture. PrV does not appear to be very infectious, but high titres of the virus can infect H. zea fat body (FB33) cells and the virus also replicates in an embryonic Spodoptera exigua (Se-1) cell line (Pringle et al., 2003) . As with the other tetraviruses, PrV particles are assembled from a single capsid protein precursor (p68), which is autoproteolytically cleaved during maturation to form the b and c peptides of 60 and 7.4 kDa, respectively. PrV particles encapsidate a genomic RNA of 6.4 kb as well as a sgRNA of 2.5 kb that encodes the viral capsid protein precursor, which has resulted in the classification of PrV as a betatetravirus (Pringle et al., 2003; Hanzlik et al., 2005) . Analysis of a cDNA sequence derived from the sgRNA showed the presence of an ORF encoding a protein with predicted M r of 81 kDa, encoding a 2A-like processing site at the N terminus of the VCAP-coding sequence. Processing at this 2A site would result in the production of two translation products of 13 (p13) and 68 (p68) kDa, the larger of which encodes the capsid protein precursor (Pringle et al., 2003) . An analogous 2A-like site is present in the VCAP ORFs of TaV and EeV (Pringle et al., 1999; Zeddam et al., 2010) , but is absent in NbV . Exactly how p13 functions in the betatetraviral life cycle is unknown, but it is thought to stabilize TaV virus-like particles (Pringle et al., 2001) .
The ability of PrV to replicate in tissue culture cells presents a unique opportunity for studying the replication biology of a member of the family Tetraviridae and so we have set about characterizing the PrV genome organization and the expression of viral translation products in vitro and in vivo. We report here that this virus has a novel genome arrangement and unique co-translational processing strategies for regulating the expression of the viral gene products. We also show that PrV is phylogenetically more related to members of the families Tombusviridae and Umbraviridae than to members of the family Tetraviridae, leading to us to propose that this virus could be reclassified as the first member of a novel family of insect +ve ssRNA viruses.
RESULTS

PrV has a unique genome organization
PrV has a monocistronic genome comprising 6155 nt that is neither polyadenylated at its 39 end, nor capped at the 59 end. The first 8 nt of the PrV genomic RNA (vRNA) and sgRNAs are identical (GGUAUUGA), a feature not shared with other members of the genus Betatetraviridae. The PrV vRNA does not appear to terminate in a tRNA-like structure, as is the case for the omegatetraviruses and NbV Gordon et al., 1995 Gordon et al., , 1999 Du Plessis et al., 2005; Yi et al. 2005) , nor is there evidence of the presence of a pseudoknot as has been found for EeV and TaV (Zeddam et al., 2010) .
The PrV genome encodes three major ORFs (Fig. 1) . Nearest to the 59 end of the genome is the largest ORF (nt 4523707) encoding a translation product with a theoretical molecular mass of 130 kDa (p130). The translational start of p130 could also be at a second downstream AUG codon (nt 354-356), which like the first AUG, is in a good context for translation (ACAAAUGG and GGAGAUGA, respectively) compared to the consensus insect Kozak, CA(A/G)(C/G)AUG(G/A) (Cavener, 1987; Cavener & Ray, 1991) . Translation from the second AUG (M103) would result in a protein of approximately 115 kDa. A putative 2A-like processing sequence (GDVESNPGYP) is located at the N terminus of p130, the activity of which would produce two translation products of 17 and 113 kDa, respectively. BLASTP analyses failed to identify any homologous proteins in the available sequence databases and thus the function of these translation products is unknown.
Positioned between nt 1027 and 3775 is the replicase ORF producing a protein of 104 kDa (p104) in a +1 frame relative to p130. The p104 ORF has a Kozak sequence of UUGUAUGU, which is not in a particularly good context for initiation of translation, compared with the optimal invertebrate Kozak consensus sequence. An in-frame UAG stop codon is present in this ORF at nt position 2104, which would produce a truncated protein with a predicted molecular mass of 40 kDa (p40). The sequence and context of the stop codon (UAGCAACUA) corresponds to the consensus sequence for a read-through stop codon (UAGCARYYA) (Skuzeski et al., 1991) that is most similar to the group 1 read-through stop signals (UAGCAAUU/ CA), described by Harrell et al. (2002) . More than 80 % of known read-through stop signals are clustered in group 1, derived from (+ve) ssRNA plant viruses belonging to the families Tobamovirus, Benyivirus and Pomovirus (Harrell et al., 2002) . The divergent C nucleotide at the start of the second codon following the stop codon is unique to PrV within the group 1 sequences. There is little sequence conservation with stop signals found in other insect and animal viruses (data not shown), suggesting that this readthrough stop signal is of group 1 plant virus origin.
The capsid precursor ORF begins just 4 nt after the UGA stop codon of p104 and is 2265 nt in length (nt 3779-6044), with a Kozak sequence of GAUCAUGC, encoding a protein of 81 kDa (p81). There are two 2A-like processing sites positioned at the N terminus of p81, PrV-2A 2 (GDIESNPGYP) and PrV-2A 3 (GDIESNPGYP), which, if active, would produce translation products of 7, 8 and 68 kDa. Previous research by Pringle et al. (2003) has shown that the virus particle is composed of two proteins derived from maturation-dependent autoproteolytic cleavage of p68 to form the b and c peptides of 60 and 7.4 kDa, respectively. This suggests that at least PrV-2A 3 is functional in vivo. Neither p7 nor p8 was detected in purified virus particles (Pringle et al., 2003) .
Phylogenetic relationship between PrV and other tetraviruses
Phylogenetic analysis of tetravirus RNA-dependent RNA polymerase (RdRp) sequences shows that they cluster in three distinct groups ( Fig. 2) , each belonging to a different superfamily of RNA viral replicases (Koonin, 1991) . The alpha-like RdRp's of NbV and HaSV (and Dendrolimus punctatus tetravirus, DpTV) form a distinct cluster, while those of TaV and EeV are found in a second group, related to the birnaviruses, infectious pancreatic necrosis virus (IPNV) and infectious bursal disease virus (IBDV), both of which are dsRNA viruses. PrV is most closely related to the tombusvirus, Pelargonium chlorotic ring pattern virus (PCRPV), a (+ve) ssRNA plant virus and not to either of the other two groups of tetraviruses (Fig. 3) . A BLASTP analysis using the PrV replicase sequence revealed significant similarity (up to 26 % identity) with the replicase proteins of members of the (+ve) ssRNA virus families, Umbraviridae and Tombusviridae and not with any of the other tetravirus replicases. Tombus-and umbraviruses also utilize a read-through stop signal as a means to regulating RdRp expression yet interestingly, the plant viruses that are most closely related to PrV contain group 3 read-through stop signals with the exception of carrot mottle mimic virus which contains a group 4 signal. The consensus for group 3 and group 4 read-through signals, whose members are comprised mainly of tombus-and umbraviruses, are defined as UAGGGGUGU/C and UAGGGAGGC, respectively (Harrell et al., 2002) . Bioinformatic analysis of the PrV replicase sequence shows the presence of an RdRp located in the C-terminal region of the protein, downstream of the read-through stop sequence (Fig. 3) . As in the tombusvirus and umbraviruses, the PrV RdRp contains a canonical A-B-C palm subdomain located between amino acid residues 583 and 724 and four other conserved sequences identified by Koonin (1991) , all of which are also conserved in tombus-and umbraviral replicases (Fig. 3) . Interestingly, there appears to be a second potential A motif downstream of the GDD box (C motif) and preceding the conserved VII or E motif (not present in the tombus-and umbraviral replicases), raising the possibility of a permuted (C-A-B) palm subdomain similar to those identified in EeV and TaV (Gorbalenya et al., 2002) . However, a poorly conserved B motif further downstream and lack of sequence conservation of the second potential A motif suggest that the presence of a second, permuted, palm subdomain is unlikely. The absence of methyltransferase and helicase domains together with the A-B-C arrangement of the palm subdomain suggests that the PrV replicase may belong within the carmo-like supergroup. This is supported by the observation that the PrV replicase is most closely related to members of the families Umbraviridae and Tombusviridae, which are classified within the carmo-like virus supergroup (Fig. 3) .
Analysis of viral translation products
We used the persistently PrV-infected H. zea MG8 cell line for in vivo metabolic labelling of viral translation products because the infection of the H. zea FB33 and S. exigua 1 cell lines with PrV was not high enough to detect labelled proteins. MG8 cells were treated with actinomycin D to inhibit cellular transcription, the viral translation products labelled with [ 35 S] methionine and then analysed by SDS-PAGE followed by autoradiography. Four dominant protein species were detected with relative molecular masses of approximately 130, 63, 60 and 40 kDa of which the 130 kDa band was the most prominent. In addition, fainter bands of approximately 104 and 68 kDa were also detected (Fig. 4a) . In the absence of an uninfected MG8 cell line, Western blot analysis was used to determine the origin of these proteins, using rabbit polyclonal antibodies raised against the N-terminal translation product of the PrV replicase (anti-p40) and PrV virus particles (anti-VCAP). Proteins corresponding to 40 and 104 kDa were detected by the anti-p40 antiserum in protein extracts derived from MG8 cells, but not in uninfected FB33 cells (Fig. 4b,  compare lanes 1 and 2) , indicating that the bands of similar size detected by in vivo metabolic labelling ( Fig. 4a) were probably the translation products of the replicase ORF. As was observed in metabolic labelling experiments, the 40 kDa protein appeared to be present at higher concentrations than the 104 kDa protein (Fig. 4a, b) , suggesting co-translational regulation of the expression of the two replicase translation products relative to each other. A Western blot using anti-VCAP antiserum detected proteins of 68 and 60 kDa, corresponding in size to the capsid protein precursor (p68) and mature capsid protein b (p60) as well as two degradation products of approximately 40 and 30 kDa (Fig. 4c, lane 3) . The 8 kDa gamma peptide was not detected using two different sources of polyclonal anti-antisera raised against wild-type virus particles, consistent with the observations of Pringle et al. (2003) . These proteins were not present in uninfected FB33 cells (Fig. 4c, lane 4) . We were unable to confirm the identity of the prominent band of approximately 130 kDa detected by in vivo metabolic labelling of MG8 cells (Fig. 4a) because of a lack of suitable antibodies but, based upon its size, the assumption is that this protein is translated from the large ORF at the 59 end of the PrV genome.
Coupled in vitro transcription-translation reactions were used to further characterize translation of p104. Two proteins of approximately 40 and 104 kDa were detected when rabbit reticulocyte extracts were programmed with the plasmid, pSTA5, encoding the native p104 ORF (Fig. 5a, lane 3) . In contrast to PrV-infected cells, p104 was the major translation product with very little p40 produced. When extracts were programmed with pSTA4, which encodes the N-terminal half of p104 encoding p40 with the native read-through stop replaced with a legitimate (UAA) stop codon, only the 40 kDa protein was detected (Fig. 5a, lane 2) . Neither of these two proteins was present in unprogrammed control reactions (Fig. 5a,  lane 1) . A protein of 40 kDa was also translated in wheatgerm extracts programmed with pSTA4 (Fig. 5a , lane 4) and both p40 and p104 were translated from pSTA5 (Fig. 5a, lane 5) . However, p40 was the major translation product in the wheatgerm extracts, with substantially lower levels of p104. These levels of expression are consistent with those observed in in vivo labelling experiments (Fig. 4a) .
Finally, we conducted coupled in vitro transcriptiontranslation experiments to characterize the translation products of the p81 ORF. Rabbit reticulocyte and wheat germ lysates were programmed with constructs expressing either the full-length p81 ORF (pSTA8) or a truncated p81 ORF encoding the virus protein precursor, p68 (pSTA7). Two proteins, of 68 and 15 kDa, corresponding in size to the capsid protein precursor and the product of 2A-like processing by PrV-2A 3 , were detected in both rabbit reticulate and wheatgerm lysates programmed with pSTA8 (Fig. 5b, lanes 3 and 7) . Only the 68 kDa protein was present in lysates programmed with pSTA7 (Fig. 5b,  lanes 2 and 6) . Western blot analysis using anti-VCAP antiserum confirmed the presence of p68, but failed to detect the 15 kDa peptide (Fig. 5b, lane 5) 
DISCUSSION
PrV is unique amongst the members of the family Tetraviridae in that it was first discovered in a persistently infected H. zea midgut cell line and it is currently the only tetravirus able to replicate in tissue culture. Our analysis of the viral genome shows that PrV has a monopartite genome (hence its classification as a betatetravirus), with both the vRNA and sgRNA starting with the same eight nucleotide sequence. These conserved sequences may have a function in directing replication of viral RNAs since both vRNA and sgRNAs are replicated in vivo (Pringle et al., 2003) . As in other betatetraviruses, the viral genome encodes the viral replicase, p104, followed by the virus capsid protein precursor gene, p81. However, unlike other tetraviruses, the PrV genome encodes a third ORF (p130) positioned 59 to and almost entirely overlapping the replicase ORF. In vivo radio-labelling of viral translation products indicated the presence of proteins corresponding in size to p130, but we were unable to confirm the identity of this protein due to the lack of suitable antibodies. The absence of any homology to proteins in the electronic databases suggests that p130 may have a unique function in the virus life cycle and it is tempting to speculate on a role in maintaining the persistent infection in midgut cells.
Our data has shed light on the potential for co-translational regulation of the expression of PrV proteins. The viral replicase ORF encodes a functional group 1 readthrough stop signal that results in the differential expres-sion of two translation products, where there appears to be significantly higher levels of p40 than the full-length p104, which encodes the RdRp domain. p40 was also the major translation product in coupled in vitro transcriptiontranslation reactions using wheatgerm lysates programmed with plasmids expressing wild-type p104. This result is consistent with the observation that the PrV stop signal sequence is similar to group 1 read-through stop signals, all of which are found in plant viruses. Interestingly, the activity of the PrV read-through stop signal appears to be suppressed in mammalian expression systems, because p104 was the major translation product observed in rabbit reticulocyte lysates. The PrV ORFs encode three 2A-like processing sequences that have been shown to be functional in vitro (Luke et al., 2008) . Coupled in vitro transcription-translation experiments show that PrV-2A 3 is functional, since a 15 kDa peptide in addition to the capsid protein precursor (p68) was detected in both rabbit reticulocyte and wheatgerm lysates. A protein corresponding in size to this peptide was not observed in metabolically labelled MG8 cells. The data imply that PrV-2A 2 is not functional in this specific polyprotein context or was less active than PrV-2A 3 . We are at present unable to confirm this result in vivo since our anti-VCAP antiserum does not cross-react with the 15 kDa peptide. Likewise, the activity of PrV-2A 1 in vivo remains to be confirmed pending the availability of suitable antibodies.
The current members of the family Tetraviridae have been classified according to their characteristic T54 capsid morphology with the two genera representing viruses with a monopartite (Betatetravirus) or bipartite (Omegatetravirus) genome organization. The recent elucidation of the PrV crystal structure has revealed structural conservation between Kamer & Argos (1984) , Poch et al. (1989) and Koonin (1991) indicated.
the jellyroll folds and autoproteolytic cleavage sites of PrV and NvV. Unexpectedly, the N and C termini, which comprise the molecular switches that determine the T54 architecture of these two virus particles, are completely different (Speir et al., 2010) . The PrV molecular switch most closely resembles that of the T53 nodavirus particles, which are proposed to have given rise to the primordial tetravirus particle. The data have led Speir et al. (2010) to hypothesize that the PrV capsid is more closely related to an ancestral T54 capsid from which the NvV particle evolved. This hypothesis is supported by the results of the phylogenetic analysis that shows that the three omegatetravirus capsid protein precursors (including NvV), may have evolved more recently, and share a common ancestor with PrV.
Phylogenetic analysis of tetravirus RdRp sequences has shown that they cluster into three distinct groups, each belonging to a different superfamily of viral RNA replicases (Koonin, 1991; van der Heijden & Bol, 2002) . The alphalike RdRp's of NbV and HaSV (and DpTV) form a distinct cluster. All three of these tetraviruses encode a tRNA-like structure at the 39 end of their vRNAs. Gorbalenya et al. (2002) and Zeddam et al. (2010) have shown that TaV and EeV form a group distantly related to the birnaviruses, IPNV and IBDV, which are picorna-like viruses. Unlike the tetraviruses with alpha-like replicases, TaV and EeV encode pseudoknots and not tRNA-like structures at the 39 ends of their vRNA. PrV represents a third group, which is more closely related to the tombusvirus, PCRPV, and other carmo-like viruses than to any of the tetraviruses. The PrV replicase is unique among the members of the family Tetraviridae in that it encodes a functional read-through stop signal that results in two translation products from the same ORF. PrV is also distinct from all other tetraviruses with respect to genome organization and the presence of a third large ORF (p130) as well as the absence of 39 tRNAlike structures or pseudoknots.
Taken together, these observations lead us to propose that the family Tetraviridae could be reclassified into three separate virus families: (i) a prototypic family, comprising existing tetraviruses with alpha-like replicases (HaSV, DpTV, NbV and most likely NvV), including two genera, the monopartite betatetraviruses and the bipartite omegatetraviruses; (ii) a second family proposed by Zeddam et al. (2010) , comprising the tetraviruses with permuted picorna-like replicases (TaV and EeV) and (iii) a third family with PrV as the sole member representing tetraviruses with carmo-like viral replicases.
METHODS
Analysis of the PrV cDNA sequence. The cDNA sequence of PrV was obtained by sequencing overlapping cDNA clones and using 59-RACE and/or primer extension to determine the 59 ends of the genomic and sgRNAs. Junction RT-PCR (as described in Albariño et al., 2001 ) was used to determine the sequence of the 39 ends because attempts to obtain the sequence from the (+ve) RNA (39-RACE) or negative strand using 59-RACE were unsuccessful. The consensus cDNA sequence has been deposited in GenBank (accession no. GU991616). Full-length cDNA clones of vRNA and sgRNA were assembled from assorted RT-PCR, 59-RACE and 39-RACE clones. The presence of the ORFs within the cDNA sequence was determined using the GCG software package. CLUSTAL W (Thompson et al., 1994) was used to align the amino acid sequences of the replicase proteins of PrV versus nine tombusvirus replicase sequences, the replicase sequences of the tetraviruses NbV, HaSV, TaV, EeV, the birnaviruses IPNV and IBDV as well as a genetic outlier, cricket paralysis virus (CrPV). CLUSTAL_X (Larkin et al., 2007) was used to analyse the resultant alignment and predict bootstrap confidence values of the alignment using the neighbour-joining algorithm. A total of 1000 bootstrap trials were conducted on each submitted alignment file and 111 used as a random number generator seed. The graphical representation of the phylogeny was created using TreeView (Page, 1996) . The GenBank accession numbers of the tombusvirus sequences used for the multiple sequence alignment were as follows: PCRPV, AAT69549.1; melon necrotic spot virus (MNSV), AAB02430.1; maize chlorotic mottle virus (MCMV), NP_619718.1; oat chlorotic stunt virus (OCSV), NP_619751.1; groundnut rosette virus (GRV), NP_619714.1; carrot mottle mimic virus (CMMV), AAB81639.1; opium poppies mosaic virus (OPMV), ABV66257.1; tobacco bushy top virus (TBTV), NP733848.1; pea enation mosaic virus-2 (PEMV), NP_620846.2. Tissue culture cell lines. H. zea fat body (BCIRL-HZ-FB33 and referred to here as FB33) cells (Kariuki et al., 2000) were grown in TC100 medium containing 1 % penicillin and streptomycin as well as 5 % heat-inactivated FCS. H. zea midgut cells (BCIRL-HZ-MG8 and referred to here as MG8) were grown in ExCell 420 medium containing 0.5 % penicillin and streptomycin without FCS (Pringle et al., 2003) .
Polyclonal antibodies. Virus was extracted from MG8 cells as described by Pringle et al. (2003) and a total of 300 mg purified PrV was used to generate rabbit polyclonal antiserum against the virions (anti-VCAP antiserum). A predicted antigenic peptide corresponding to amino acid residues 248-331 of the p104-coding sequence immediately upstream of the read-through stop codon was used to raise anti-p104 rabbit polyclonal antibodies. The peptide (p104 ) was fused at its N terminus to glutathione S-transferase (GST), overexpressed in Escherichia coli BL21(DE3) cells and the resulting 37 kDa fusion protein purified using the affinity GSTrap system (Amersham Biosciences). A total of 500 mg purified fusion protein was used to generate rabbit polyclonal antibodies that were able to detect both p104 and p40 in vivo.
In vivo radiolabelling of PrV translation products. H. zea MG8 cells were allowed to grow to 90 % confluence in ExCell 420 medium containing 0.5 % penicillin and streptomycin in a T25 flask. The culture medium was removed and replaced with ExCell 420 medium minus methionine and containing 0.5 % penicillin, 0.5 % streptomycin and 20 mg actinomycin D ml
21
. The cells were incubated at 28 uC for 30 min after which the culture medium was removed and the cells rinsed twice with 1 ml methionine-free culture medium. Three millilitres of methionine-free medium containing actinomycin D (20 mg ml 21 ) together with 5.55 MBq of [ 35 S]-labelled methionine (Amersham Biosciences) were added to the T25 flask and the mixture incubated at 28 uC for 24 h. Whole cells were dislodged from the flasks, pelleted by centrifugation (5000 g for 2 min), resuspended in PBS buffer (pH 7.4) containing 10 mM PMSF and lysed by passing through a 22-gauge syringe needle 20 times. A total of 10 mg cell-free extract was analysed by SDS-PAGE, the gel was fixed and stained with Coomassie brilliant blue, dried under vacuum at 80 uC and exposed to hyperfilm (GE Healthcare) for an appropriate duration of time to visualize radiolabelled proteins.
In vitro translation and radiolabel incorporation of expressed PrV ORFs. The expression plasmids used for analysing PrV translation products (Table 1) were constructed by cloning PCR amplification products between the NcoI and NotI restriction sites in the pBiEX-3 vector (Novagen). Expression vector pSTA4 contains the p40-coding sequence with a legitimate stop codon (UAA) introduced to replace the read-through stop signal (UAG) found in the native PrV sequence. The p40 ORF was amplified using primers CW04 (59-TGCGAGCCTTTAAGTTTACGC-39) and CW06 (59-TATATAGCG-GCCGCTTACTTTGTCGGGATTGTTCTTCC-39). Construct pSTA5 was generated by amplifying the entire p104 ORF including the readthrough stop signal, using primers CW06 (59-TATATAGCGG-CCGCTCAATACCCTGACGGCCAGTCAATATC-39) and CW05. Plasmid pSTA7 was constructed by amplifying the capsid precursor-coding sequence (p81) using the primers CW09 (59-CAG-AATTTACCAGTACCCAATG-39) and CW10 (59-TATATAGCGGC- Providence virus genome and translation products
